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Abstract
We calculate S-wave singlet and triplet NN phase shifts stemming from the
short-range flavor-spin hyperne interaction between constituent quarks us-
ing the resonating group method approach. A strong short-range repulsion is
found in both waves. A fair comparison is performed between the traditional
picture, relying on the colour-magnetic interaction, and the present one, re-
lying on the Goldstone boson exchange dynamics. It is shown that the latter
one induces essentially stronger repulsion, which is a very welcome feature.
We also study a sensitivity of phase shifts and wave function to extention from
the one-channel to three-channel resonating group method approximation.
The physics of light and strange baryons in the low-energy regime is driven mostly by the
spontaneous breaking of chiral symmetry. In this regime the adequate eective (quasiparti-
cle) degrees of freedom should be constituent quarks with dynamical masses related to quark
condensates of the QCD vacuum, chiral meson elds and conning interaction. Assuming
that the dominant Fock component in baryons is three valence constituent quarks which
are conned and with the hyperne interaction of the form −~λFi  ~λFj ~σi  ~σj , supplied by the
short-range parts of Goldstone boson exchange (GBE) [1,2] as well as by correlated multiple
GBE exchange interaction (vector-meson exchanges) [3,4], one can understand the whole
low-lying spectrum of light and strange baryons. If such a physical picture is satisfactory,
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it should also explain baryon-baryon interaction. It is rather evident that at medium and
large distances in the baryon-baryon system, where the Pauli principle at the constituent
quark level does not play any role, it is fully compatible with the wisdom of nuclear physics,
where the NN interaction is determined by the Yukawa tail of pion exchange and two-pion
exchange (ρ- and σ- exchange interactions). The explanation that the short-range repulsion
is due to the central spin-independent part of the ω exchange is not satisfactory, however,
as in this case the ωN coupling constant should be increased by a factor 3 compared to
its empirical value. One takes it for granted that the origin of the short-range NN repul-
sion should be the same as the origin of the nucleon mass and its lowest excitations. If so,
the Fermi nature of constituent quarks and specic interactions between them should be of
crucial importance to understand the short range NN repulsion.
Traditionally the repulsive core in the NN system within the constituent quark picture
was attributed to the colour-magnetic part of the one gluon exchange (OGE) interaction
combined with quark interchanges between 3Q clusters (for reviews and earlier references
see [5,6]). In order to provide the necessary long- and intermediate-range attraction, hybrid
models of the NN interaction have been suggested, see e.g. [7{10], where in addition to
the strong OGE interaction, the quarks, belonging to dierent nucleons, interact via ps-
and scalar-meson exchanges. In these hybrid models the short-range repulsion in the NN
system is still attributed to the colour-magnetic component of OGE interaction. It has
been shown, however, that there is practically no room for the colour-magnetic interaction
in light and strange baryon spectroscopy and that any significant amount of the colour-
magnetic interaction, in addition to the flavor-spin hyperne interaction leads to a disaster
[11]. Similar conclusions have been obtained recently in the lattice studies of N− splitting
[12], in the large Nc [13] and phenomenological [14] analyses of L=1 nonstrange spectra. If
so the question arises as to which interquark interaction is responsible for the short-range
NN repulsion?
The rst simple analysis of possible eects for the S-wave NN system from the short-
range part of the pion-exchange interaction between quarks was based on the assumption
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that the 6Q wave function in the nucleon overlap region has a flavor-spin symmetry [33]FS,
which is the only possible symmetry in the nonexcited s6 conguration [15]. In that paper,
as well as in the subsequent hybrid models [7{10], it was assumed that the pion-exchange
produces only some insignicant part of the short-range NN repulsion. However, when the
GBE-like hyperne interaction is made strong enough to produce the  − N splitting and
describe the low-lying spectrum, the situation is dierent. The GBE-like interaction is more
attractive within the 6Q conguration with the symmetry [51]FS and thus the spatially ex-
cited conguration s4p2[51]FS is more favourable and becomes the lowest one [16,17]. The
energy of this conguration is, however, still much higher than the energy of two innitely
separated nucleons and that is why there appears a strong short-range repulsion in NN sys-
tem. While this result demonstrates that the GBE-like hyperne interaction could indeed
explain the short-range repulsive core in NN system, it is still only suggestive (the phase
shifts have not been calculated) as it is based on the adiabatic approximation and neglects
a smooth transition to the distances with well-clustered 6Q system. In the present work
we go beyond the adiabatic approximation and constract our basis in such a way that it
includes not only the lowest important s4p2 and s6 congurations like in [16,17], but also
the well clustered states at medium and long distances. We calculate both 3S1 and
1S0
phase shifts and prove that the flavor-spin hyperne interaction does supplies a very strong
short-range repulsion in NN system. We compare this repulsion with the one induced by
the colour-magnetic interaction and nd the former one to be much stronger. This is a very
welcome feature as the models based on the OGE interaction [5{10] fail to describe phase
shifts above the lab energy of about 300 MeV because of the lack of the strong enough
short-range repulsion.
The convenient basis for solving the Schro¨dinger equation which comprises both the
short-range 6Q congurations, incorporates the NN asymptotics as well as a smooth tran-
sition from the nucleon overlap region to the medium ranges is suggested by the resonating
group method (RGM) approximation. The most simple one-channel ansatz for the six-quark
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two-nucleon wave function is






~r1 + ~r2 + ~r3
3
− ~r4 + ~r5 + ~r6
3
.
Here N(1, 2, 3) is s3 harmonic oscillator wave function of the nucleon with a standard
SU(6)FS spin-isospin part, A^ is an antisymmetrizer at the quark level and the trial func-
tion χ(~r) is obtained by solving the Schro¨dinger equation, for review see [5,6]. We remind,
however, that the trial function χ(~r) by no means should be interpreted as a relative motion
wave function: in the nucleon overlap region because of the antisymmetrizer the function
(1) is intrinsically 6-body function and contains a lot of other \baryon-baryon components",
such as , NN, NN,... and hidden colour components [18].
The trial function (1) completely includes the short-range s6 conguration provided that
the harmonic oscillator parameter for the s3 nucleon and for s6 conguration coinside. This
is because of the well-known identity




js6[6]O[33]FS > . (2)
Here and below φNs(~r) denotes the S-wave harmonic oscillator function with N excitation
quanta, [f ]O and [f ]FS are Young diagrams (patterns) describing the permutational orbital
and flavour-spin symmetries in 6Q system. It is always assumed that the center-of-mass
motion is removed from the shell-model wave function.
However, the anstatz (1) contains only a xed superposition of dierent shell-model
congurations from the s4p2 shell [16]:
























js4p2[42]O[51]FS > . (3)
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One can extend the ansatz (1) and include in addition two new channels, \the " and
the \hidden colour channel CC" [19,20]:
ψ = A^fN(1, 2, 3)N(4, 5, 6)χNN(~r)g
+A^f(1, 2, 3)(4, 5, 6)χ∆∆(~r)g
+A^fC(1, 2, 3)C(4, 5, 6)χCC(~r)g, (4)
where (1, 2, 3) is s3 harmonic oscillator SU(6)FS wave function of the -resonance and
the hidden-colour CC channel includes the C = colour-octet s3 cluster. Here we followed a
denition of the hidden-color channel CC in ref. [20]. The hidden-color state is constructed
so that it contains only the flavor-spin [33]FS symmetry. It must be noted that C is the
color octet but it does not have a denite spin and isospin. Note that all three channels in
(4) are highly non-orthogonal because of the antisymmetrizer. This can be easily seen from
the fact that identities similar to (2) can be written also for  and CC channels. This
redundancy in the subspace N = 0 is only a technical one and can be easily avoided by
diagonalizing the norm RGM matrix and removing all \forbidden states". However, in the
subspace with N = 2, these three channels become linear independent since the following
identities are also valid for the  and CC channels:













































js4p2[42]O[33]FS > . (6)
Because the trial functions χNN , χ∆∆ and χCC are independent full Hilbert space trial










s4p2[6]O[33]FS >, js4p2[42]O[33]FS > and js4p2[42]O[51]FS > are relaxed and
participate as independent variational congurations when one applies the ansatz (4), in
contrast to the ansatz (1). The other possible compact 6Q congurations from the s4p2
shell, such as [411]FS, [321]FS and [2211]FS are not taken into account, but they play only
a very modest role when one applies the interaction (7) [16,17].
First we study the eect of the GBE-like flavor-spin short range interaction. This inter-










where λF with an implied summation over F (F=1,2,...,8) and ~σ are the quark flavour Gell-
Mann and spin matrices respectively. The minus sign of the interaction (7) is related to
the sign of the short-range part of the pseudoscalar or vector meson-exchange interaction
(which is opposite to that of the Yukawa tail), crucial for the hyperne splittings in baryon
spectroscopy. The parameter  is xed by the scale of spontaneous breaking of chiral
symmetry,  ’ 1 GeV. The parameter aχ, which determines the total strength of the
pseudoscalar and vector-like hyperne interaction with s3 ansatz for both nucleon and 
wave function is xed to reproduce the  −N mass splitting. Note, that this value can be
considered at most as eective one since nucleon wave function obtained within a dynamical
semirelativistic calculation is very dierent one. The constituent masses are taken to have
their typical values, m = 1
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mN . When the conning interaction between quarks is assumed
to be colour-electric and pairwise and has a harmonic form, it does not contribute at all
to the two nucleon problem as soon as the ansa¨tze (1) or (4) are used and the two-nucleon
threshold, calculated with the same Hamiltonian, is subtracted. Hence within the given toy
model we have only one free parameter, the nucleon matter root-mean-square size b, which
coinsides with the harmonic oscillator parameter of the s3 wave function. We x it to be
b = 0.5 fm. The parameters used in the calculation are summarized in Table I.











where λC are color Gell-Mann matrices with an implied summation over C = 1, ..., 8. We
want to make a fair comparison between two models and thus use exactly the same b and
. The eective OGE coupling constant acm is determined from the  −N mass splitting,
which is also given in the Table. Thus we can study a dierence between repulsion implied
by the flavor-spin and color-spin structures of the hyperne interactions.
In Figures 1 and 2, we show the S-wave triplet and singlet phase shifts for both mod-
els, which are negative and thus indicate repulsion in both cases. However, it is immedi-
ately seen from comparison that the flavor-spin hyperne interaction supplies essentially
stronger repulsion than the colour-magnetic interaction. One of the reasons is that while
the color-magnetic interaction contributes to the short-range repulsion exclusively via the
quark-exchange terms which vanish when one approaches the nucleon size to zero, the re-
pulsion in NN system stemming from the flavor-spin interaction is supported by both direct
and quark-exchange terms and does not vanish in this limit.
Next we address the issue whether an extention from the one-channel ansatz (1) to the
three-channel ansatz (4) is important for phase shifts and six-quark wave function. We
employ the model (7).
In Fig. 3 we compare phase shifts calculated with the one-channel and the three-channel
ansa¨tze. While there is some dierence, it is not signicant. Note that inclusion of the
 channel will produce an important eect as soon as the long- and intermediate-range
attraction between quarks ( pi, 2pi or σ exchanges) is included.
There is, however, a big dierence in the short-range 6Q wave functions. Unfortunately
it is not possible to show a six-body wave function in both cases, but we can compare a
projection of the wave function onto the given baryon-baryon component. There is no unique
denition of such a projection, because it is not an observable and does not make a direct
physical sense (for a discussion on this issue see ref. [18]). Only full 6-body wave function
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can be used to calculate any observable, which includes both direct and exchange terms. We
shall use two dierent denitions, one of them via the rst power of the norm kernel (this






0, ~r00) =< Bβ(1, 2, 3)Bβ(4, 5, 6)δ(~r− ~r0)j1− 9P^36jBα(1, 2, 3)Bα(4, 5, 6)δ(~r− ~r00) >,
(10)






Sometimes the latter projection is interpreted as a probability density for a given channel,
which is, however, not correct, since only the full 6-body wave function has a direct and
clear probability interpretation.
Both types of projections would give an identiacal result if one used a multichannel
ansatz for wave function with all possible baryon states. Then the closure relation
∑
α
jBα(1, 2, 3)Bα(4, 5, 6) >< Bα(1, 2, 3)Bα(4, 5, 6)j = I (12)
would be satised and one would obtain N^ = (N^1/2)2 (which is not satised on the subspace
N=2 with Bα = N,, C).
In Figs. 4 we show projections onto NN using both one-channel and three-channel
ansa¨tze and both denitions of projections. It is indeed well seen that dierent denitions
give dierent behaviour of projections at short range. While there is a node with the def-
inition (11), such a node is absent with the denition (9), which illustrates a very limited
physical sense of projections. Still, when we compare the projections obtained with dierent
ansa¨tze (1) or (4) within the same denition (11), one observes a signicant dierence, which
is of no surprise since the ansatz (4) is much richer at short distances in NN system.
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In conclusion we summarize. The short-range flavor-spin hyperne interaction between
constituent quarks implies a strong short-range repulsion in NN system. This repulsion is
essentially stronger than that one supplied by the colour-magnetic interaction within the
traditional model. Thus the chiral constituent quark model has a good potential to explain
not only baryon spectroscopy, but also the baryon-baryon interaction. The next stage is to
add a long-range Yukawa potential tail from one-pion and two-pion (sigma + rho) exchanges
(and possibly from omega-exchange) and provide a realistic description of NN system in-
cluding all the necessary spin-spin, tensor and spin-orbit components. This task is rather
involved and all groups with the corresponding experience are invited.
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TABLES
TABLE I. Parameters of models GBE and OGE interaction. ac is the strength of the harmonic
connement.
Model m [MeV] b [fm]  [GeV] acm aχ ac [MeV/fm2]
GBE 313 0.5 1.0 0.0 0.068 47.7
OGE 313 0.5 1.0 0.051 0.0 93.7
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FIGURES
FIG. 1. Phase shifts for the NN 3S1 channel. Phase shifts given by the single channel calculation
are shown for the models GBE and OGE as a function of the wave number k.
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FIG. 2. Phase shifts for the NN1S0 channel
See Fig. 1 for explanation
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FIG. 3. Phase shifts for the NN 3S1 channel. Phase shifts given by the single and three channel
calculations are shown for the models GBE and OGE interaction as a function of the wave number
k. Two curves correspond to single channel and three channel (weaker repulsion) calculations.
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FIG. 4. Projection of wave function on the NN 3S1 channel. The results of the single and three
channel calculations using the model GBE are shown. N and N1/2 correspond to the projections
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